HIV reverse transcriptase (RT) is one of the main targets for the action of anti-AIDS drugs. Many of these drugs [e.g., 3-azido-3-deoxythymidine (AZT) and 2,3-dideoxyinosine (ddI)] are analogues of the nucleoside substrates used by the HIV RT. One of the main problems in anti-HIV therapy is the selection of a mutant virus with reduced drug sensitivity. Drug resistance in HIV is generated for nucleoside analogue inhibitors by mutations in HIV RT. However, most of these mutations are situated some distance from the polymerase active site, giving rise to questions concerning the mechanism of resistance. To understand the possible structural bases for this, the crystal structures of AZT-and ddI-resistant RTs have been determined. For the ddI-resistant RT with a mutation at residue 74, no significant conformational changes were observed for the p66 subunit. In contrast, for the AZT-resistant RT (RTMC) bearing four mutations, two of these (at 215 and 219) give rise to a conformational change that propagates to the active site aspartate residues. Thus, these drug resistance mutations produce an effect at the RT polymerase site mediated simply by the protein. It is likely that such long-range effects could represent a common mechanism for generating drug resistance in other systems.
Nucleoside analogue inhibitors (NIs) such as 3Ј-azido-3Ј-deoxythymidine (AZT) and 2Ј,3Ј-dideoxyinosine (ddI) are used widely in the treatment of HIV infection. They act by competing with natural substrates at the HIV reverse transcriptase (RT) polymerase active site, leading to incorporation and termination of the DNA chain. Treatment of AIDS patients with NIs selects for HIV strains containing mutations in the RT, which represents a continuing problem in combating the disease, despite the encouraging results from combination drug trials (1) . Resistance to AZT is associated with a series of mutations. For instance, the mutations D67N, K70R, T215F, and K219Q give a three-fold increase in K i for AZT-triphosphate; the resultant enzyme denoted RTMC is investigated here (2) . For ddI, resistance can be conferred by a single mutation at position 74 (3) . Surprisingly, most of the NI resistance mutations in RT are positioned some distance from the polymerase active site in the p66 subunit. In the three-dimensional structure of HIV-1 RT (4-7), residues 215 and 219 are Ϸ10Å from the conserved active site aspartate residues 110, 185, and 186 whereas residues 67, 70, and 74 are in a different domain, Ͼ20 Å away (Fig. 1) . The analysis of the effects of the mutations in RTMC on AZT resistance suggests that the interactions between these mutations are complex, ranging from compensatory to synergistic, although residue 215 stands out as having a pivotal role (37) . In contrast to NIs, resistance mutations associated with the nonnucleoside RT inhibitors (NNI) cluster around the NNI binding pocket and presumably cause resistance through distortion of this ligand site (6, 8, 9) . In the absence of structural data for NI-resistant RTs, various mechanisms have been proposed to explain the action of such mutants. These mechanisms include a repositioning of the template strand overhang, giving feed-back to the active site (10) or a postulated allosteric nucleotide site in the p51 subunit (11) . A third possibility is long range conformational changes within the protein.
On the assumption that knowledge of the structural basis of resistance could aid in the design of novel drugs and could provide a basis for rational evaluation of new combinations of RT inhibitors to combat AIDS, we have determined three related structures for both the quadruple mutant RTMC and the L74V mutant HIV-1 RTs by analyzing each in different crystal forms ( Table 1 ). All of these structures contain the NNI 1051U91 (12) but possess no ligands at the polymerase active site. Although the x-ray data sets used for structure determination do not extend to high resolution, because the crystals tend to be small and are less well ordered than wild-type RT, by taking the various results together, we may be confident of the key structural features observed.
each RT mutant were merged to give single datasets, thus resulting in three datasets for each mutant of RT.
The synchrotrons used were (i) station BL-6A2 at the Photon Factory, National Laboratory for High Energy Physics, Tsukuba, Japan (datasets RTMC-1, RTMC-3, RTL74V-1, and RTL74V-2) using the Weissenberg method (17) following our established data collection strategy (6) , except that flash-cooled crystals could not be confined within a helium-filled enclosure (ii) stations 9.6 [30-cm MAR-Research imaging plate (MAR-Research, Hamburg, Germany)] and 7.2 (18-cm MAR) at the Synchrotron Radiation Source, Daresbury Laboratory, Warrington, United Kingdom (datasets RTMC-2 and RTL74V-3, respectively) using 1.5°oscillations (Table 1 ). All crystals were flash-cooled to and maintained at 100 K except for the RTMC-3 and RTL74V-2 datasets, which were recorded at 14°C. Data processing was done with DENZO and SCALEPACK (18) .
Structure Determination. The structures were solved by molecular replacement with the X-PLOR program (19) by using our best RT models for each cell form [cell form C, the RT-1051U91 complex (6); cell form E, the RT-MKC-442 complex (20) ; and cell form F, the RT-9-Cl-TIBO complex (16)]. A three-stage rigidbody refinement protocol was used, first as single rigid-body refinement, then as two rigid subunits (p66 and p51), and finally as nine rigid domains. Each dataset was sharpened by using anisotropic B-factor scaling as described (21) .
Refinement and Electron Density Averaging. For the highest resolution dataset (RTMC-1), further careful refinement was undertaken using X-PLOR (19) , namely, conjugate gradient minimization, restrained simulated annealing, strongly coupled individual atomic B factor refinement, and a bulk solvent correction. In all refinements, particular care was taken to avoid over-fitting. Atoms distant from the polymerase active site and the NNIbinding pocket (defined as atoms Ͼ20 Å from the C␣ of Tyr-188) were tightly restrained to their rigid-body refined position, and strong stereochemical restraints were used. The progress of the refinement was monitored by cross-validation using 5% of the data. For example, the restrained isotropic B factor refinement for RTMC-1 reduced the R-free by 5.8%. Models were built into the electron density by using FRODO (22) . Once cross-validation had established an optimum refinement strategy, the refinement was repeated by using all data to minimize over-fitting and to give a final model with an R-factor of 0.221 and very good stereochemistry (Table 1 ). For the lower-resolution datasets, only grouped B factor refinements were performed. Once more, the protocol was optimized by cross-validation against 5% of each dataset, but the actual refinement was performed using all data. A further check on the refinement was provided by the quality of the electron density of the inhibitor molecules, which were omitted from the phasing model.
The electron density map for RTMC-1 was of good quality, allowing confident identification of structural changes at both NNI and polymerase sites. The changes also were confirmed in the F o -F c maps calculated for RTMC-2 and RTMC-3. The F o -F c maps for the RTL74V structures clearly showed the leucine to valine substitution at residue 74 in the p51 subunit (Fig.  2a) . To validate further the RTMC and L74V structures, we carried out intercrystal form electron density averaging by using the protocol described (6) . This consisted of cyclic 3-fold cross averaging between equivalent domains in each crystal form but without internal averaging between domains within the heterodimer. The averaging procedure dramatically improved the electron density maps for the L74V structures, revealing small structural changes around residue 74 in the p51 subunit. Although the averaged density confirmed the reliability of the RTMC-1 structure, the averaged map was not improved significantly over the best of the individual maps, probably because of the large differences in the resolution of the three datasets.
All figures were produced by using BOBSCRIPT (23) , a version of MOLSCRIPT (24) modified by R.M.E. and rendered with RASTER3D (25) . RTMC-1 coordinates have been deposited at the Brookhaven Protein Data Bank.
RESULTS
Electron Density Maps for ddI-Resistant RTL74V. The electron density maps for the ddI-resistant RT show that there are no changes in the protein main chain of the p66 subunit associated with the side chain change of L74V. The density for the side chain of 74 is weak in both wild-type and ddI-resistant RT forms. This residue is exposed on the surface of the p66 subunit and is likely to become ordered fully only in the presence of template. By contrast, the side chain difference for this mutation is clear in the more buried environment of the p51 subunit, where negative electron density reflects the loss of a methylene group (Fig. 2a) . Electron density averaging between the three crystal forms suggests that there are small main chain and side chain rear-FIG. 1. Overall structure and drug resistance mutation sites of the RT heterodimer. (Top) The p66 subunit is drawn in dark gray and p51 in light gray. NI resistance mutation sites (26) are shown as green spheres, with RTMC and L74V sites highlighted in yellow. In the p51 subunit, residues 215 and 219 are disordered; their positions are not shown. NNI resistance mutation sites (27) are shown as blue spheres. The three polymerase active site aspartate residues and the bound NNI are shown in red and magenta, respectively. Double-stranded DNA (shown as a spiral ladder with the template strand in green and the primer in red) was modeled into our RT-nevirapine structure (6) from the C␣ and phosphate coordinates of the RT-DNA-Fab complex (5) by superimposing the p66 palm domain of the two structures. (Bottom) A close-up view of the polymerase active site and the drug resistance mutation sites in the p66 subunit. The coloring scheme is the same as in the top panel; however, the side chains for mutated residues are shown in ball-and-stick representation and the van der Waals surface for the bound NNI (nevirapine) is shown semitransparent.
rangements of the nearby residues 72, 151, and 408-410 of the p51 subunit. This observation demonstrates that the methods and data are sufficient to allow us to detect very small changes within this relatively large (117 kDa) structure. We do not believe that these small changes in the p51 subunit can contribute to the ddI resistance of the L74V mutant because they are not propagated to the template or nucleotide triphosphate binding sites. Instead, from the position of this residue in the p66 subunit, close to the The RTMC-1 structure was subjected to refinement with tight stereochemical restraints (rms deviation in bond lengths, 0.005 Å, and 1.2°in angles) whereas the others were refined by using only rigid-body and grouped B-factor refinements. In addition to the protein atoms given in the table, 22 inhibitor atoms were present in the RTMC-1 model. The structure determinations also benefited from intercrystal form electron density averaging for each mutant of RT (6). *Rmerge ϭ ⌺͉I Ϫ ͗I͉͘͞⌺͗I͘. † R factor ϭ ⌺͉FO Ϫ FC͉͞⌺FO. ‡ Mean B factor for main chain, side chain, and inhibitor atoms, respectively. (1998) likely course of the incoming template strand, it seems plausible that the mutation affects drug selectivity indirectly via the bound template, as suggested (10) .
Structure of AZT-Resistant RT (RTMC).
Of the four amino acid changes of the AZT resistant RT (RTMC) relative to the HXB-2 wild type, D67N and K70R are in a similar region of the molecule to the L74V mutant and, in this case, no main chain movements could be detected in either p66 or p51. Indeed, within the p66 subunit, this region appeared flexible in both the wildtype and RTMC enzyme. This observation suggests that this part of the fingers domain may only become ordered on interaction with the template overhang. For these mutations, as for L74V, an indirect effect acting via the bound template seems plausible.
Of the remaining two mutations, at positions 215 and 219, the 215 mutation is pivotal, alone conferring 15-to 20-fold resistance (2) . Structurally, the effect of these two mutations is quite different from that of changes at residues 67, 70, and 74; they cause a concerted movement of the structure, extending to the polymerase active site. Residues 215 and 219 lie within a loop leading to the ␤-sheet structure (␤9, ␤10, and ␤11) that forms one half of a ␤-sandwich, which is completed by the ␤4, ␤7, and ␤8 sheet bearing the key active site residues. Inspection of difference maps, after initial refinement, revealed that this active site structure apparently was displaced in RTMC compared with its position in the wild-type enzyme. This observation was checked further by calculating a map in which residues 180 to 189 (contained within the ␤7 and ␤8 strands) were removed from the phasing model. The map clearly confirmed the new positions of these secondary structure elements (Fig. 2b) . Overall, the maximum displacement is observed at ␤4 (1.2 Å in the vicinity of Asp-110), which is immediately adjacent to the loop containing the mutations at 215 and 219. At the more distal ␤8 strand, the displacement is somewhat less (1.0 Å at Asp-185). The exact mechanisms underlying this rearrangement are, however, unclear. group; however, in compensation, there are more interactions with the side chain of Tyr-188. The ethyl group of 1051U91 is rotated by 145°from the orientation in the wild-type complex, leading to additional contacts with residues 188, 189, and 190 (Fig.  3a) . Overall, there is an increase in the number of van der Waals contacts (Ͻ3.8 Å) between protein and inhibitor, presumably explaining the essentially unchanged IC 50 for 1051U91 for RTMC when compared with the wild type (D.K.S, unpublished results). It has not proved possible to determine the structures of the unliganded forms of the mutant enzymes by our usual procedure of removing weakly bound inhibitors from preformed crystals (15) . Despite this, we believe that the observed rearrangements of the RT active site seen in the NNI-inhibited enzyme could provide a mechanism capable of explaining the discrimination between the inhibitor, AZT-triphosphate, and the substrate, dTTP, achieved by this mutant enzyme.
Changes in the NNI
Induced Movements in the RT Active Site. A movement of the three stranded ␤-sheet containing ␤4, ␤7 and ␤8 on binding of NNIs such as nevirapine to the unliganded enzyme has been reported (15) , which provides a structural explanation of the mechanism of inhibition for this class of RT inhibitor. In the RTMC-NNI complex, the conformational change observed represents a further movement from the structure of the wild-type NNI-bound RT, having the effect of moving the active site residues back toward their position in the unliganded structure but not sufficiently to abolish NNI inhibition (Fig. 3b) . This observation suggests that there is a preferred mode of conformational rearrangement around the RT active site that affects, with small movements, substrate discrimination whereas larger changes produce inhibition.
Reversal Effects of Tyr-181 on AZT Resistance. The change in the NNI site described above, particularly the rearrangement of Tyr-181, may have implications for the reported interactions between different sets of resistance mutations (26) . Resistant viruses selected by NNIs commonly carry a mutation of residue 181 from tyrosine to cysteine (27) . When this occurs in an AZT-resistant background such as RTMC, it has the effect of restoring AZT sensitivity (13, 28) . The change that we see in the conformation of the Tyr-181 side chain may be relevant to this because the smaller Cys residue could cause the 215-and 219-induced rearrangement in the region of 181-188 to be attenuated, thus reversing the discriminatory effect and giving a resensitization to AZT. It is likely, however, that there are further mechanisms for such reversal effects because L74V also can restore AZT sensitivity for certain resistance mutations (3), as can the 3Јthiacytidine resistance mutation M184V (29) .
DISCUSSION
This work indicates that there are likely to be at least two types of structural mechanism for drug resistance to NIs induced in RT by distal mutations. First, the mutations at 67, 70, and 74 do not give functionally significant conformational changes in the protein. Rather, they are in a position to derive their effect by altering the position of the DNA template. Second, one or both of the 215 and 219 mutations giving AZT resistance induce conformational changes in the RT active site. It is, therefore, not necessary to invoke a role for these particular mutations in an allosteric site on the p51 subunit (11) [which biochemical data also argue against (30) ] nor in template rearrangement (10), particularly because our modeling studies suggest that these residues are unlikely to contact the template directly. Kinetic studies to assess the effect of the length of template overhang on the resistance of T215Y HIV-1 RT to AZT-triphosphate are not as yet available. Initial studies with HIV-2 RT containing the mutation S215Y (analogous to HIV-1 T215F), using 2Ј,3Ј-dideoxythymidine triphosphate as an inhibitor rather than AZT-triphosphate, showed no resistance effect even with a long template overhang (31) . More recent work demonstrates essentially complete resistance irrespective of template length (32), consistent with our results. Surprisingly, the structural changes induced by these AZT resistance mutations modulate the position of the active site amino acids with respect to the rest of the polymerase binding site in a mechanically similar way to that observed for transition from the NNI-bound to unliganded form. It seems that, even for a protein molecule such as HIV-1 RT, whose internal flexibility is well documented (6, 7, 33) , the rigidity of the secondary structural components means that conformational changes at catalytic residues tend to occur in a characteristic way. This mechanistic linkage between two very different effects, NNI inactivation and modulation of substrate discrimination necessary for escape from an NI, may contribute to the success of treatment strategies that target the enzyme simultaneously with an NI and an NNI and help to explain the puzzling way in which escape from an NNI can resensitize a previously AZT-resistant virus.
We believe that a mutation at positions distant from the bound drug, giving rise to conformational changes to the binding site, represents a widely used mechanism for generation of drug resistance. In particular, such mechanisms are likely to provide a subtle method of introducing discrimination when the drug molecule mimics a substrate. Here, the scope for mutating contact residues is limited strictly because significant changes are likely to be incompatible with the maintenance of an active enzyme. Although to date, very few systems are characterized sufficiently well to test this hypothesis, it could explain the distal mutations resulting in sulfonamide resistance in dihydropteroate synthase (34) as well as those giving drug resistance in HIV protease (35) . The more general importance of distal mutations in modulating the affinity of ligand binding is reinforced by the recent report (36) that mutations up to 15 Å from the antigen binding-site contribute to the affinity maturation for an antibody.
